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The strength-duration curve for currents giving rise to pain
. 80 IF a tissue will respond to an electric current there is a definite relation between the strength of current required to excite and the length of time for which it must be applied. The strength-duration curve has been determined for various tissues by Keith Lucas(i), Lapicque(2) and others and it has been found that the time factor of the curve is approximately constant for a given tissue, but varies widely from one tissue to another. Thus each excitable tissue shows a characteristic time-factor, and, as :Keith Lucas pointed out(3), if two excitable tissues are present in any structure their existence may be detected by the complex form of the strength-duration curve which will be made up of two curves with different time-factors. For this reason the curve may be used as an instrument for analysing the excitatory mechanisms on which the electric stimulus takes effect. The problem considered in the following pages is whether the strengthduration curve of afferent nerves shows any indication of the presence of more than one excitable mechanism. On the theory of Head, Rivers and Sherren (4) . the cutaneous sensory nerves are divisible into two distinct systems which have developed at different periods in the evolution of the nervous system and are functionally and anatomically separable. It seemed possible that these two systems, the epicritic and the protopathic, might show a different time-factor in their response to currents of variable duration. There would be all the more reason to look for a difference in the time-factor if, as Ran son (5) has suggested, the protopathic fibres are non-medullated. It is true that the strengthduration curve has not been fully determined for non-medullated fibre because of the difficultv of obtaining any response at all to a single stimulus, but Lapicque(6) gives some figures obtained by the use of repeated condenser discharges and from these results it appears that the chronaxie (the constant of the curve which gives a measure of the time-factor) is from ten to one hundred times as long in non-medullated nerve as in the large medullated fibres of the same animal. Accordingly we should expect a non-medullated protopathic system of fibres to show a mucl longer chronaxie than a medullated epicritic system. It was with this prospect in view that the present experiments were undertaken.
The strength-duration curve for motor nerves. The excitable tissues of the mammalia have not been investigated as thoroughlv as those of amphibia and invertebrates, but the strengthduration curve of human motor nerve has been studied with some accuracy owing to its importance in the diagnosis of cases of suspected nerve injury. This is a fortunate circumstance as it gives us a standard value for medullated nerve fibres in man. The details of measurement in the human subject have been described by Lapicque(7), Bourguignon (8) and others in France and by the present writer (9) . For purposes of comparison it is convenient to take Lapicque' s constant, the chronaxie, as an expression of the time-factor of the curve. The chronaxie is simply the duration at which the current strength must be increased to twice its least value, and in human motor nerve it varies from *00008 sec. to *0006 sec. with an average value of *00025 sec. Fig. 1 shows two examples of the complete curve relating current strength and current duration for human motor nerve. The curve marked A refers to the external popliteal nerve in my left leg, that marked B is from the same nerve in another subject. The current was sent in by a large indifferent anode and a small pad cathode bandaged over the head of the fibula; the contractions of the extensor communis digitorum served as an index of excitation. In this, as in all the other curves, the weakest current which will excite at any duration is given the value 10 and the strengths required at shorter durations are expressed as multiples of this.
The two curves show the order of variation which may be expected in the rate at which the tissue becomes adapted to the stimulating current (I. p. 465). Such variations are to be expected in any measurements of the strength-duration curve, but they are very small compared with the differences which appear when we pass from one tissue to another. For instance, a denervated human muscle may give a chronaxie of *03 sec., about one hundred times as long as that of a motor fibre. Thus a chronaxie of any value between *00008 and -0006 sec. may be taken as typical of human motor nerve fibre and if we ate dealing with similar fibres we should expect to find a strength-duration curve closely resembling those in Fig. 1 There is no doubt that the current may give rise to a sensation by stimulating the sensory fibres of a nerve trunk. When a faradic current is applied on the ulnar side of the elbow or over the head of the fibula it is often found that a current not strong enough to produce any muscular contraction will give rise to a discontinuous tingling sensation referred to the whole of the skin area innervated by the ulnar or external popliteal nerve, and there is no reason to suppose that any stimulation of end organs in these regions could be falsely localised over such a wide area.
The possibility of exciting end organs as opposed to nerve fibres has been discussed by v. Frey(lo). Using a very small exploring electrode he was able to show that the sensory mechanism in the skin which responds to electric stimulation has a punctate distribution which agrees more or less with the distribution of the pain and touch spots. He gives no definite proof that the current acts on the end organs rather than on the nerve fibres supplying them, but he considers it likely that both forms of stimulation may occur. However it is at least clear that there is a sensory mechanism in the skin which responds to an electric current in a manner quite different from that of a motor nerve, since the response may continue as long as the current is passing. If two electrodes of platinum wire or two blunt needles are placed so that their points touch the skin of the forearm with a separation of one or two millimetres the passage of a weak constant current will usually give rise to a painful, stinging sensation which is present during the whole of the period for which the current is passing. If the current is very weak the sensation may not begin until two or three seconds after the closure of the circuit; the sensation is perfectly continuous, it rises gradually into consciousness and it fades more rapidly when the circuit is broken. This effect seems to correspond to that described by v. Frey as due to the stimulation of the pain spots and the threshold stimulus certainly shows great variations in strength when the skin surface is explored systematically.
If instead of needle electrodes we use a couple of small pads, 3 or 4 mm. in diameter, and we apply these pads to a fold of skin and subcutaneous tissue pinched up from the surface of the arm or leg, we find that there is a new element in the sensation produced by a constant current. When the current is very weak it may give rise only to the stinging sensation maintained throughout the passage of the current, but if a stronger current is used it gives rise also to a very brief prick at make and break. It is difficult to describe this sensation in terms of the cutaneous sensations met with in every day life; as a rule the prick is not painful and its chief feature is its abruptness. It is very easily distinguished from the continuous stinging, and if the strength of the current is nicely adjusted the abrupt prick at make may be followed by an interval of a second or two in which nothing is felt; after this the stinging rises gradually into consciousness and as the current is broken the abrupt prick at break is superimposed on the stinging. If the current strength is increased the stinging sensation comes on more rapidly, also if the current is three or four times its threshold value the make sensation is no longer a single prick but a discontinuous tingling or buzzing which seems to be made up of a number of pricks following in rapid succession. This tingling fades rapidly, its duration being proportional to the strength of the current, and as it fades the continuous stinging takes its place and remains until the current is broken. But even if there is no appreciable time interval between the onset of the two sensations it is generally possible to separate them by taking into account another important difference, namely the difference in their localisation. However painful the continuous stinging may be it is always referred to the skin in the immediate neighbourhood of the electrodes, whereas the prick at make and break or the tingling which follows the closure of a strong current is nearly always more widely diffused and usually appears to come from some more distant part of the limb. When the unipolar method of stimulation is used and the cathode is placed on the skin at a point where a large nerve trunk is near the surface, at the head of the fibula for instance, the false reference of the sensation at make may be so pronounced that it is widely separated in space as well as in time from the continuous stinging at the electrodes. The sequence of events is shown diagrammatically in Fig. 2 , which is an attempt to give a graphic record of my sensations on the closure of a constant current through the forearm. The anode was a large pad on the back of the arm and the cathode a small one, 1-5 cm. wide, applied to a spot which gave the referred sensation over a wide area on the radial border of the forearm and wrist. The dotted area shows the gradual onset of the stinging sensation localised at the point stimulated and the black areas show the discontinuous make and break sensations referred to more distant parts of the limb. No attempt has been made to express differences in the intensity of the sensations corresponding to different strengths of current, but the record shows how the tingling sensation takes the place of the single prick at make when the current is strong. The exact order in which the different sensations appear, as the current strength is increased, depends on the arrangements of the electrodes, the thickness of the skin, etc. In Fig. 2 the make sensation appears at weaker strengths than the stinging, but the stinging is more pronounced when the electrode is very small and the current density much greater in the skin than in the deeper tissues. The explanation of the double sensory effect becomes quite clear when we take into account the fact that the continuous stinging sensation is never felt anywhere but in the region of the electrodes. For this reason it can scarcely be due to stimulation of the fibres of a nerve trunk. Also its gradual onset and its persistence during the passage of a constant current is quite unlike the response of a motor nerve fibre, and it is particularly easy to elicit when there is a much greater concentration of current in the skin than elsewhere. All this goes to show that the stinging sensation is due to the stimulation. of some mechanism which is confined to the skin, does not behave like a nerve fibre in its response to a constant current and cannot be excited by stimulating a nerve trunk. Such a mechanism is evidently the sensory end organ in the skin. It is equally clear that the make and break sensation is due to the stimulation of sensory nerve fibres since it is referred over the distribution of the nerve. It is possible that it may be produced by stimulating certain types of end organ as wqll, indeed the sensation seems to agree verv closely with that which v. Frey described as due to the electric stimulation of touch spots, but if so these -end organs must respond to a current in the same way as the nerve fibres.
These results have been discussed at some length because it seemed at first sight as though the continuous stinging sensation might be due to the stimulation of protopathic fibres and the abrupt prick to the stimulation of the epicritic system. This hypothesis had to be abandoned when it was found -that the stinging was never referred away from the point stimulated even with currents strong enough to affect most of the nerve trunks in the limb. The current certainly acts on two distinct excitable mechanisms, but one of these mechanisms is situated in the skin and cannot be found in the nerve trunk, so that it can scarcely be identified with the protopathic system of nerve fibres.
The results are also of some interest in view of the statement, repeated in many text-boolks(ii), that a sensory nerve responds continuously during the passage of a constant current. This is true enough of the end organ which gives rise to the stinging sensation, but it is not strictly true of the sensory nerve fibres unless the current is very strong. Actually if the current is not much stronger than its threshold value the referred sensation, which we have supposed to be the response of the nerve as distinct from that of the end organ, is a single, abrupt prick at make and break. If the current is two or three times as strong as the threshold, the sensation at make is replaced by a tingling of brief duration, as though the prick were repeated rapidly for a short time.
The tingling soon dies out in spite of the continued passage of the current, though it may last for several seconds if the current is strong. Thus in the experiment recorded in Fig. 2 the tingling was just detected when the current was 2-7 times the threshold value, it lasted about two seconds when the current was 3-6, four seconds when the current was 4-5 and twelve seconds when it was 6-9 times the threshold strength.
Possibly the tingling would last indefinitely if the current were still further increased, but a current seven times the threshold is already so strong that it is very difficult to bear it with equanimity. This repeated excitation on the closure of a strong current is not peculiar to sensory nerve, for it is often met with in motor nerve as well (12) , particularly in conditions which increase the excitability of the tissue. In both types of nerve the essential features of the make and break response are the same; the tissue adapts itself rapidly to the new conditions and the current is only an effective stimulus as long as the adaptation is incomplete. The make excitation may give rise to a train of impulses instead of to a single impulse, but sooner or later the tissue becomes adapted and no further impulses are set up until the conditions are altered again by breaking the current. Thus the statement that a sensory nerve responds continuously during the passage of a constant current needs a good deal of qualification. It may be true of very strong currents but as a rule the effect does pot amount to anything more than a slight prolongation of the make excitation, and this only occurs with currents two or three times the threshold strength.
It is, however, of great interest to find that the duration of the make sensation varies regularly in this way with the strength of the current, for it lends some colour to the suggestion that the graded response produced by stimulating a sensory nerve may depend on the number of impulses set up by the stimulus rather than on alterations in the intensity of the nervous impulse (13) .
The nature of the end organ response is very doubtful. Presumably the abnormal distribution of ions in the skin acts as a continued stimulus, and the end organ does not adapt itself to the new conditions in the same way as a nerve fibre.
In any case it is clear that we have to reckon with two distinct sensations due to the passage of a constant current and of these only the referred sensation can be ascribed to the stimulation of nerve fibres. This result -has important consequences when we attempt to analyse the sensory mechanism by currents of graded strength and duration.
The strength-duration curve for sensory nerves and end organs. To a certain extent it is possible to restrict the stimulation to the end organ or the nerve fibre by altering the position and size of the electrodes. If two blunt needles a few mm. apart are used as electrodes there will be a high current density in the superficial layers of the skin just under the point of the needle, but very little in the deeper layers, and with this arrangement the stinging sensation will be evoked by a much weaker current strength than the prick at make or break. The opposite effect will be produced by exploring the surface of the skin with a faradic current until the course of a sensory nerve is found and then stimulating in this region with a pad electrode 5 mm. or more in diameter. This avoids a very high concentration of current in the skin and makes it possible to obtain a pure make and break effect with a current too weak to affect the end organs. However, the separation is only possible when the currents are fairly near their threshold value.
The curve relating the least strength and duration of current required to produce a sensation is determined in exactly the same way as the curve for motor nerve, with the difference that the success or failure of a given current is judged by the presence or absence of a definite sensation instead of a muscular twitch. It is, of course, important to make sure that the current does not produce a muscular twitch as well, for in this case the sensation might be*simply that of the muscle contracting and it would show when the current stimulated the motor and not the sensory fibres. The current which will just give rise to a sensation does not vary by more than 5 p.c. as a rule during a series of determinations and it does not vary appreciably with the state of fatigue of the observer, although a fatigued observer will return a greater percentage of doubtful answers. Fig. 3 shows three curves which give the time and strength relation for human sensory nerve. The presence of the abrupt, referred prick was used as an indicator of a successful stimulation and the electrodes were arranged to give the abrupt prick at weaker strengths than the stinging. In the curve marked A the cathode was a small pad on the medial surface of the tibia at a point where the prick at make was particularly easy to elicit and was felt over a wide area, in B the electrodes were small pads on either side of the finger tip, and in C they were small pads on either side of a fold of skin from the forearm. The curves are from three different subjects; they agree fairly closely with one another and they also agree with a number of determinations which I have made on myself. The chronaxie varies from *00012 sec. in curve C to 0003 sec. in curve A and values ranging from *00008 sec. to 00045 sec. were found in all the curves in which the abrupt, referred sensation was used as an index of excitation. The chronaxie of motor nerve fibres in man varies between limits which are almost identical with these, viz. 00008 sec. to *0006 sec., and a comparison of Fig. 3 with Fig. 1 shows that there is no essential difference between the strength-duration curve for motor and for sensory nerve fibres.
This result agrees with the observations of L. and M. Lapicque(14) on the afferent fibres of frogs and toads. They determined the chronaxie of the fibres in the sciatic for stimuli producing a reflex withdrawal of the foot and found values which were identical with those of the motor fibres in the same animal.
We may conclude then that the abrupt sensation at make and break is due to stimulation of fibres which have the same time-factor as those of a motor nerve. Some attempt was made to determine the strength-duration curve for the end organ as well as for the nerve fibre. This involves using the stinging sensation instead of the prick as an index of excitation, and although it is easy to do this when the duration of the current is long, it is much more difficult to classify the sensation when the current is very short. The time-factor of the end organ is evidently slower than that of the nerve fibre, but how much slower it is difficult to say. Fig. 4 shows the result of two determinations in which the electrodes were arranged to produce the stinging with weaker currents than the prick and they probably give a fairly correct representation of the curve for the end organ when the current durations are long. With short durations the interpretation of the curve is more doubtful; as the current was increased in strexigth it would be likely to take effect on the nerve fibres as well, indeed in the lower curve a strong current of short duration gave rise to a sensation which was distinctly referred away from the point stimulated and there is also some indication of a discontinuity in the curve at a duration of about *0008 sec. Consequently the upper part of the curve cannot be taken as a true indication of the behaviour of the end organ. At longer durations the curve falls more slowly than the curve for nerve fibre and in both cases the chronaxie is *0008 sec., about' twice as long as that for nerve fibre. A few determinations gave some indication of a much longer time-factor for the stinging sensation, but the difficulty of observation makes them of little value.
No attempt was made to work out these curves with greater accuracy as we are concerned more especially with the time relations of the nerve fibres as distinct from those of the end organs. The curves in Fig. 3 show no evidence of any discontinuity and their time-factor is simply that of medullated nerve fibre. But as a matter of fact there is no reason why they should reveal the presence of protopathic fibres at all, for the sensation which was used as an index of the success or failure of the stimulus was one which would not be conveyed by the protopathic system. In most parts of the skin surface the abrupt prick caused by a current which is only just strong enough to elicit it is not painful and has no thermal quality, whereas the protopathic system is said to be concerned only with sensations of pain, heat and cold. Consequently, although the prick sensation cannot be absolutely identified with any of the characteristic epicritic sensations, yet we must regard the stimulation as confined to the epicritic system only, and there is no reason to expect the curve to show evidence of more than one set of nerve fibres. We cannot maintain that both groups of fibres have the same timefactor unless we determine the strength-duration curve for currents giving rise to painful as well as to non-painful sensations.
The streflgth-duration curve for currents giving rise to pain.
At first sight there appears to be good evidence that stimuli which produce pain do take effect on a system of nerve fibres with a slower time-factor than that of motor fibres or of the afferent fibres which are concerned with painless sensation. It is well known that an induction coil which gives a wave of long duration in the secondary is more painful but not more effective in stimulating motor nerves than a coil with a shorter wave, and in general a current of long duration is recognised aa being more painful than one of short duration. However, if we try to map out the curve relating the least strength and duration of currents giving rise to painful sensations it becomes obvious at once that this result may depend on a number of factors which have nothing to do with the time constant of the afferent fibres. In the first place the painful sensation may be due to stimulation of the end organ apparatus, and we may obtain a curve with the same time relations as those in Fig. 4 . If we try to avoid stimulating the pain spots and make use of the referred sensation as indicator we may find a curve with a very long time-factor or one which is only very slightly longer than that of "40 motor nerve. This wide variation may depend in part on the great difficulty of classifying the sensation as painful or painless, but it certainly depends also on variations in the quality of the make and break sensation in different parts of the skin. In most places the referred sensation is not definitely painful as long as it amounts to a single abrupt prick. If a stronger current is used the make sensation begins to have an appreciable duration and still greater strengths may give a tingling lasting for several seconds. The tingling is certainly painful and the prick is usually judged as painful when it lasts an appreciable time. When the current is broken the sensation is always a single prick, and it is rarely painful however strong the current may have been. Thus 81 6 PH, LIII1.
the unpleasant quality of the sensation seems to be due in part at least to the repeated excitation which occurs at the make of a strong current and not to the character of the individual excitations. This repeated excitation can only take place whilst the current is flowing and it ceases directly the circuit is broken; for this reason a current of very short duration will have less chance of bringing about a repeated excitation of the nerve fibres and therefore less chance of giving rise to a painful sensation. This explanation would account for the long timefactor which is often found in the strength-duration curve for painful currents and it is supported by the fact that the time-factor is much 40, shorter when the relation is investigated in parts of the skin where the single prick is itself painful although it has no appreciable duration. This condition is sometimes realised when the electrodes are applied to the finger tip or the forearm, but it is invariably present in the glans penis. Here the sensation at make and break is definitely painful whenever it is felt at all. The glans is therefore the ideal region in which to investigate the time and strength relations of the exciting current, for we have only to determine whether a given stimulus is felt or not; if it is felt at all it is painful, and there is no need to make the very difficult classification of sensations which are on the border line between painful and painless. Two curves for the glans penis are shown in Fig. 5 . The electrodes were small pads about 3 mm. in diameter applied on. either side of the glans about a third of the way between the tip and the corona. The two curves agree very closely with one another, the chronaxie being *00028 sec. in either case. In three other determinations the chronaxie was *00012 sec., *00025 sec. and 00035 sec. The mean value, *00025 sec., is slightly longer than the mean of ten determinations of the painless sensation obtained by stimulating in other parts of the skin. These gave a mean of *00019 sec. with extremes of *00008 sec. and 00045 sec., so that the mean value for the painful sensation of the glans lies well within the normal range of variation for painless sensation, and also well within the normal limits for motor nerve fibre.
Thus the painful sensation produced by stimulating the glans penis travels in nerve fibres which have the same time constant as that of medullated' motor nerve. In this instance at least the fibres which convey pain have the same time constant as the fibres which convey sensations akin to touch. The same conclusion is indicated by Lapicque' s determination of the chronaxie of the afferent fibres of the frog's sciatic, for he used a stimulus which caused reflex withdrawal of the foot and found a chronaxie identical with that of the motor nerve fibres. Since the stimulus caused a withdrawal of the foot it would presumably be classed as painful.
What bearing have these results on the separation of the afferent nerves from the skin into protopathic and epicritic? As the surlace of the glans is said to possess protopathic sensation only and as pain is one of the sensations conveyed by the protopathic system and not by the epicritic, it seems reasonable to conclude that there is no clearly measurable difference in the time constant of the two sets of fibres. However, it is possible that the current which gives rise to pain in the glans, and to a nociceptive reflex when the sciatic is stimulated, takes effect on the nerve fibres which are concerned with deep sensation and not on those of the protopathic system. It is very unlikely that a current sent in by electrodes on the skin should stimulate the fibres of deep sensation rather than those on the surface, but it is just possible that the protopathic fibres are relatively inexcitable to constant currents. All that can be said is that the present method of enquiry gives no evidence of two sets of sensory nerves with different time constants. It may be that both sets have the same constant, or there is the possibility that one set will not respond to electric stimulation. On the other hand it is difficult to reconcile these results with the suggestion of Ranson that pain is conveyed by non-medullated fibres.
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This suggestion applies not only to pain from the skin, but also to pain arising in the deeper tissues. It is conceivable that these non-medullated fibres may have the same time constant as a medullated motor nerve fibre, but if so it is evident that they must be of a very different type from the non-medullated fibres in other parts of the body.
CONCLUSIONS. The paper deals with an attempt to analyse the sensory nerves in man by determining their -response to constant currents of variable strength and variable duration. It seemed possible that the curve connecting the strength and duration of the current required to produce a sensation might show some evidence of the existence of two sets of afferent nerve fibres with different time relations corresponding to the protopathic and epicritic systems described by Head and Rivers. Actually the curves do not show any discontinuity and they have the same time constant as the curves obtained by stimulating motor nerves in man. In both cases the chronaxie varies from *00008 sec. to *0006 sec., whereas in denervated human muscle it may be as long as -03 sec. When the glans penis is stimulated the sensation is always painful, but the strength-duration curve has the same time constant as before. It is difficult to reconcile this with Ranson's suggestion that impulses giving rise to pain travel in non-medullated nerve fibres, since Lapicque has shown that in the frog the chronaxie of non-medullated nerve fibres is from 10 to 100 times as long as in motor nerve. In other parts of the body the strength-duration curve for painful stimulation may show a longer chronaxie, but this is due partly to stimulation of end organs and partly to the fact that a current of long duration may give rise to repeated excitations and that the repeated impulses may give rise to an unpleasant sensation when a single impulse does not.
The conclusions neither prove nor disprove the theory of Head and Rivers, but it seems probable that there is no great structural difference in the fibres concerned with protopathic and epicritic sensation. It is important to distinguish the effects of currents on the end organs and on the nerve fibres. A constant current of long duration may give rise to a continued stinging sensation when it stimulates the former, but the nerve fibre responds only at the make and break unless the current strength is much above its threshold value. A strong current causes repeated excitations at make and these continue for a time which varies with the strength of the current. There is, however, no essential difference between the response of a sensory fibre and that of a motor fibre.
